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! INTRODUCTION

This report summarizes the results of previous investigations on RADEF

planning and on radiolgical target analysis procedures for decontamination-

scheduling. Precedures were developed for evaluating, the residual numbiers for

shelter and operating locations before, during, and after decoucimim tion-so

1,2,3
that-exposure doses could be, calculated.1 ' The correlation of the

computational rCults with shelter protection and decontamination capability

data provided a means ot-deriving decontamination assignments and, operational

schedules thAt could be carried out within prescribed-exposure. dose limits.

In the previous investigations, various specific target analysis and

_decntaminaton problems were treated and, of the many problems that were'

recognized and identified,. several were selected as-being important and in

fneed, of ,further consideration. These included: (1)-the extensibn of Jose

estimating techniques to a wide variety of postattack. peratibnal situations;

(2) methods for estimating the optimum time to carry -out radiological

recovery actions; and (3) the derivation bf relationships between target area

size- and decontamination organizational requirements. This, report discusses

N the radiological, r4ecovery aspects of these problems and thederived methods

and anal-ytical expressions appropriate to their soluti6n..

Procedures'were developed for estimating decontamination start times

with-minimum total exposure to groups of people in both ,deddntaminationm and

facility operations. Methods for estimating exposure doses to decontamination

crews and facility operator crews were revised to simplify the evaluation of

Ithe effect of previous and concurrent decontaminati6n,operations on the

effective residual number for a prescribed postattack routine. A method was

devised for relating the size of decontamination organizations to the dimensions

of the area to be decontaminated and the surviving population inurban areas.

1
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The final problem explored was the effect of increased size (and number)

of decontamination crews on the decontamination completion time.
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11 DECORAXM.TION STUT TIME

One kajo.- objective of decontatinatiozi planning and schiedu1Jng is to

prepare the means to recover the use of facilities '-iien- they are needed in

t!he postat tack period. In uiddtton, it Is desirable that the recovery be

*planned for achievmnt with the least expenditure of e.xposur-e dose,

2aterials, and use of manpower-. With respect to pcstat-tack situations and.

needs, a facUility way be usable or operative before, during, or ivw-ufatelyI

after a decontiniation operation; It mnay not be cperativs' until repairs -."we

=zde, or it nay be operable withcut repairs or decontamination when inputs and

people are available. if facility operation requaires both de Gt2minatio- and

Sre-p2airs, a greater decontaniatis lead tine generally would be needed for a

given operation star'. tine than for a facility that does not require repair

work.

in general, the radiologtcal recovery of a given faci n -ty requires coasid-

eratiOn Of Manpower utilization for eitlwer sequential or silaultneonS decontaM-

nation and facility operations. Where the recovery of industrial output is to

be achieved, the pla2nning and scheduling of such operations must include considera-

tion of all facilities in the production netw-ork, so that the allocstion of car--

power, equiprnt, and supplies becomes more complicated. In addition, postattack

countermeasure$ other than decontaninaticn will require an appropriate share of

the resources. Thus decontamination operations, as a single countermeasure,

should 1be p'lanned on the 'Was-is of a 5niftdw expenditure of exposure dose, effort,

supplies, and equipment. In addition, the benefits of decont-mination should

accrue with respect to other countermeasure operations as well as to facility

operation. For these reasons, plans and schedules for the decontamination

*operation need to be designed so that the initial decontamination efforts will

decrease the exposure dose for later operations (rather than the reverse).

3



Exposure Dose and Recovery V~fort

The accumula ion of wn-vosere dose over a given time period for n ndiidual

or groups Of Indivduals =osy be represented in gene--al by

is 13

.= dt (1)

t
or Is

DJi. (2)
13

t -

where the subs.-ipt I represents an idividual or a grow' f n-dvuals

'%each of ha l-.- v.ane ex-'I~ue); z: =AS s~ au represents a location

2t which the exp - re for the ith group starts at the time t-. after attack

ard ends at the tie t. after attack;t is the tie after attack; hat is thn
31 ii

tine pericd that the ith group remains at the Jth location; 1,, is the exposure
4

rate at tine, t, 2fter attack at location j (referred to an extended real

plane) ; and P. - is the residual numbe - for the ith group at location j.:L3

If the value of the limiting exposure dose, D , is selected so that it

represents a threshold for radiation sickness (i.e., all groups - wth an

exposure dose of D or less can perfoz= work without ed-Ical treatnent), then

the sequential exposure dose for the maxi--- available work force is given by

J

=.

JRNij f I d (4)

j=l

4



Since the firat fr-crewnt of exposwre =mid zJy be zccrued- I=

shelter, the ailO;e6 (Or azu~am) exPO~ure dose durirg the recover-. periged

(or logiger) for the case sa!ere tk.e pao;pic ame all Insele befre -fan!cat

arrives Is given by

A- 
ii

D. W; 1,ii dt,' (6)

and wutere FU... is the sheltez- residal mmober; t is the zt:ixe of falflout

arrival; and -t.is the required shelter s-tay period, In Equa-tioens (5)

and (6), t1he ith grotun is referred to the shelter location for identification

sthat, subsequently, the initial1 shelter exposures 2rd associated groups

can be treated interclanrgeably.

With E'ations J5) and (6), the fora of- Equations (3) or (4) becomtes

t t-it.
3is 3iJ

ADMi .3 1d is Z:t a At 1
j=l

t
is

* or

t C
J if

AD.R j I tti at -1 t iz + At ii (S)

j=l
t-At.

ij

there exists a finite set of limiting values of the parameters MNi, t.

and t or At..
if 1.3

5



The A~D. of' Bquations (7) and (8) will consist of dose aliccations among

the- j exposure locations and consecitive At_ - ntervals at each locati on;

it tbe allocation for each location and tire interval is designated as AD_. ,
3

the lter are constrained, as in Equations (7) and (8), by the s=

j=l

and AD! is epal to one of the res~nctive j terms on the right side of

Equations (7) or (8). If the integrals of Equations (7) and (8) are evaluated

in terms of a doze rate isultipil er, designzte-d as p. (where 0p- is the same

as BERM of previous reports), thav-n the integrals can be written as

ts +At-
0

z~D I d (10)

*ijis

0
shere t- -is an arbitrary time after a dIetonation or time after attack and I.

Is
-is the %alue of I. at a reference time (usually one hour after attack); the

1 0Values of c~i and Am. deDend on the selected reference time for I..

If the Lt.-- values are rather short and t islarge, then the integrals
3.j is

* of Equations (7) and (8) may be estimated from
t.+ A".

I. At.I dt (1

t.
is

Conservative estimates of the time interval allocations can generally
o -1 0

be made by assuming that I. varies as I t (where I is the value of 1.
j j

at t =one hour after detonation); using this variation of I. with t,

the integrals of Equations (7) and (8) become



tt

if J

t + At
( + At i

i

0 sii f i
* 

i

tt

AD 0 In if I. dt (13)
JAt (tA - (15)

tif - At ij

The values of AD .j for the representations of Equations (10) through

(13) are, respectively:

* o1

ADx i j RN.i A 0ij I (14)

AD* =RN.. At I. (15)
ij i., ij i

ADj= RN.. 10n (t. + At..)/ts (16)
ij ii 3 Lis 13 is]

and
* 0ADij = RNi I n /(t - At i (17)

If m. is designated as the number of workers in shelter i (i.e., of the
1

initial ith group) and n is the number of shelters having positive values of

AD* (i.e., if AD* is zero or negative, the group is not counted as contributing
1 1

to the work force), then- the maximum work that can be obtained from the group

up to time, t, after attack is given by

n

E(max) T ' (t - t. ) m. man-days (18)

where t is the shelter exit time, equal to t + &ti, and T is the average
ix ia

fraction of time or of each day over which all the workers could perform useful

work (e.g., for an 8-hour work day, T is 1/3).

7



If aij is the fraction of the Ith group that work at location j either

to contribute work as part of a decontamination crew or,. because of their

skills, to work at a facility operation, then the distribution of the vorkers

to a location for a given task over the time period At - or on a continuing13

basis may be represented through the work requirements given by

n

E.(dec) = ' a m. T.. .t. man-days (19)
3 ii . 13J 13

for short-term tasks, such as decontamination, or by

n

E. (fo) = ' Oij mi T..j (t-t. ) man-days (20)

1=1

for long-term tasks or facility operation. In Equations 19 and 20, T.. is the
13

*fraction of the time or of the day that group i (or fraction thereof) works at

location J. Thus for each group, the sum of T.. over the locations must be

equal to unity; hence J

1 T (21)

j=l

The actual working tinm at location j for all i groups, AT., is defined by

AT. = T. At. (22)J J 3

where At. is the total of the time periods assigned for work at locato.f j and
J

Tj is the average fraction of time that all workers spend on the job. Then,

n

AT. = T,- At.. (23)

i=l

When AT. is the time required to do a short-term task at location j andJ

it is performed by a single group of peop3e, then the subscript i can be dropped

8



and Equation (23) reduces to Equation (22).

If al the values for E.(dec) and E,(fo) are known, then the total re--

JJ
quired effort may be estimated from

J

E - IE'deo (24) A

ne constraint on the manpower for ET is that at all times, t,

ET  E (MaX) (25)
4±

For most short term tasks and facility operations, full utilization of

the manpower will not be realized until full crews or the major portion of the

crews are present for work. Under these conditions, At.. becomes At. and t.
2.3 j is

becomes ti in Equations (15) through (17) and in Equations (19) and (20); the

latter two can then be written as
n

E.(dec) = TAt . Ci mi (26)

i=lor

B.(dec) = T.Atm. (27)

J 3 33

and

n

E.(fo) = T.(t - t. ) Y.. * (2)

or

E.(fo) = T.(t- t. ) m. (29)
j j js J

where

mj= cij mi (30) :

i=1

1,

ij i



Since E.(dec), E.(fo) or dE.(fo)/dt, and m for specified tasks andi 3 J J
facility operations are usually known, the manpower requirements and time

li itations nay be evaluated through substitution of Equations (26)through

(29) in Equations (14) through (17), as applicable. The explicit forms are:

RN... E.(dec) I.
AD. = (31)

ij 1133

or

t + E.(dec)/T.
AD.. N 1 in (32)

i3 i a t js

sliere t is the starting time for the recovery task; if the AD.. are allocatedas :L3

among the tasks or the j locations for each group of people, then t isis

given by

E.(dec)

ts e  -l (33)

for short-time tasks, and for continuous facility operation after tjs

A series of starting times were calculated from Equation (33) for various

assumed values of AD and At... These were then compared with t values de-
ij 1j js

termined from Equation (14), where the latter provides the best estimates

currently available. The results from a typical example are shovm in Table 1

for the case where ADi* = lOOr and E (dec)/'.m. = 10 days. Residual number
13 33

RN.. was assigned a value of 1.0 for all the examples tried. It is readily
ii

apparent from the entries in the table that Equation (33) gives starting times

5 to 8 times larger (later) than those derived from Equation (14). Obviously,

such ultraconservative t. values are not suitable for planning and scheduling
js

recovery operations.

10



Table I

STARTING TIME COMPAKISONS*

0
I. (r/hr) Eq. (33) Eq.-(14) Eq. (36)

1,000 95 19 21

2,000 196 40 42

5$000- 500 108 95

10,000 1,000 180 175

20,000 2,000 260 320

t jsin days.

More reasonable estimates of t. can be made from Douglass t 4 first

-1.2 
j

approximation of the t relationship where the integral of Equation (7)

is represented by

t 
a t

1I0 At. ~t += .d (34)
o i / j .- 12 2 i

The expression for allowable dose becomes

* At\-1.2
AD =RN I At. (t (35)

ii i i ij (js 2)

from which the starting time in hours is

o 0.833
t Ri 1i nt.. 1/2 At (36)

weett A Ej(dec) from Equations (19) and (27).
ij j T M



Using Equation (36) and the AD and At inputs cited earlier, additional
lj j

values of t were obtained and entered in Table 1 for ready ccmparison with
js

the previous results. It is evident that for this typical case, Equation

(36) agrees closely with Equation (14), the reference expression, except
o0

for the highest I.

Equations (35) and (36) are especially applicable to the shorter term

tasks. They may be used for moderately long term tasks (> 1 month) if the

ratio of At to t is generally less than 3. Under these conditions, the
i js

equations usually-provide conservative estimates-for either dose or starting

time. When the sum of At and t* approaches two years; starting time esti-

mater' will tend to be over conservative.

Equation (36) was used to construct the family of curves shown in

Figure 1. The curves reveal how starting time t increases with respect
js

0
to the standard exposure rate Ij for selected values of task interval At..

The restrictions on manpower allocations at location j at any time are

given by

12



Figure 1

RECOVERY STARTING TIMES VS STANDARD EXPOSURE RATE
FOR SELECTED EXPOSURE PERIODS, RN.. =1 .0

-7''

isH

- -,-I

(n -- ,

-0 j6

I?2 -/AD!.(at 00:00010 -- 3

- - - - 13



n

i=i0o to ~ 77

or
J IJ

N =)' M a.Jm (38)

j=l i=l

where

I a (39)

j=l

If the time periods, Atj, or the wrk rates, E.(dec)/At., are known, then

the total manpower requirements for both short term and long term tasks at

a given time may be estimated from

N = (i/j) [dEj(fo)/dt + E.(dec)/At (40)

j=l

in which the maximum number for allocation is at N F N0

The postattack situation variables that must be known before manpower

allocation can be made include the n shelters, the m. workers/shelter, thei

0
RN.. shelter residual numbers,the I° standard intensity values for the j

ii 3

locations. The operational parameters that are needed include the effective

RN.. residual numbers, the a.. group dispersion or skill distribution
13 ij

coefficients, the . . or T. effective working time factors, the dE.(fo)/dti3 3 3

and E.(dec)/At. manpower requirements for both long -term facility operations3 3

and short term tasks for all j locations of interest (these define the m.),

and D, the limiting exposure dose.

Although the above equations, as written, specify parameter values for

the conditions under which each person of all groups i (or at least those of

14



one group) receive the maximm allowed exposure dose. 'P; "ore 0-dition.=_t -

should be found where this is not the case; thus for t or t values
is

greater than the _-inizu value (for given values of J 'W_ and W0)a the ex-

posure dose, D -, uthin two-years after the attack wculd be less than-AD.

and the total of these could be less than MD. And where this is the case,

consideration could be given to manpo-er allocations that result in more

equal exposure doses to all persons or to those that would finimize the

(average) exposure dose of the N workers where the latter is represented by

J n
= (1/N) cf. m D (41)

0 13j j ij
J=1 i-1

From -the point of view of recovery objectives, it vould appear that

emphasi should be given on manpower allocations that minimize the t. for
3S

long term operations, maximize the number of workers on the long term tasks,

minimize the number of workers on the short term tasks, or minimize the time

spent on short term tasks. (Actually, if the last three were accomplished,

the t would be-minimized.) In general, allocations that emphasize early
js

recovery of facilities would tend to maximize the exposure dose allocations

and would be in opposition to minim-zing D of Equation (41).

Contribution Factors, Residual Numbers, and Decontamination Effectiveness

The relationships among decontamination effectiveness, effort, sur-

faces, decontamination methods, radiation intensities, and surface density

of fallout particles are discussed below. In general, the gamma radiation

at a point in location j is the sum of the radiations from fallout parti-

cles lying on exposed surfaces within 200 to 300 feet from the point.

If the whole area on which the contributing sources are deposited is

sectioned according to type of surface and geometrical configuration with

respect to the point of interest and each section is designated by the

letter k, zhen S is the area of the kth surface at location j whose sources

jk

15
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contribute to the g radiation at the poiar I the radi tion rate

at point - ctribted by the sources a ourface k is designa t ed as I

then the radiation rate at point j is g by

IJ

mbere x Is the total nuier of contributing surfaces. if u-. is designated

as the average- mber of radioactive atoms per unit area -hat wuuld have

been deposited on an ideal smooth plan over the area of the k surfaces

(and are present at time, t, after attack) and K. is defined as the ratio
j

of the- exposure rate at 3 feet from the plane to the =mber of atoms per

unit area (at time, t), then the infinite smooth plane exposure rate at a

height of 3 feet is given by

I. t ) = K.n. {43)
3 3 3

If variation in the surface density of the fallout particles among

the k surfaces is considered, then the average value of n. is given by
3

X

U- = (lS) S. n (4, k 3k

where n- is the average surface density of the radioactive atoms on the
j k

kth surface at location j, and S. is the sum of the S over k. Although3 jk

an I jk(-) value could be computed from Kj njk for each S.k area, the

average value of I.(-) from Equations (43) end (44) would generally be

representative of Ij ( ). Where fallout models are used, I. (w) is estimated

directly as the reference point.

The relative exposure rate contribution factor of the sources on surface

k to the exposure rate at point j is defined by

16



(45)

C = I11(m)(46)

7nhere e' is act=Uly the fracton of the imfinite seoth plane exposurejk
rarke *.at 3 .'Oet) at poinit j that is contributed by the sources on sar:Etce

k. 7he aveage shieldimg residual aumber, relative to the i:nfinite smooth

plane exposare rate, is defined by

IyRMS I= / (47)
3 3 3

or

X

it F- s designated asteI~a o of n-, (or n-) that remains after

decontamination of the surface area kc by, method IL (subscript L Indicates

surface type and method combination), then the remaining surface density

of the radiatA.:oa svirces, n- affter appiicaticon of the method, is

jk.~ ik ik(42)

and the exposure rate contributions after decontamination are

ijkLCJ) ~ I~~)(Z-0)

I' jk F jI j (51)

and

I' F 1?I~ (52)
jkL j k Ak j

17



A
The deconta-ination residual nurber for the location j (i.e., for

those of group i at location j) is defined by

I

R,.. (dec) = (l/I) (53)

3 3 jkZ

and subs-itution of EqJations (47) or (48) and (52) in Equation (53) gives

x
rI

' ' 3(e) 1A c (54)

k=l

or

R-- (dec) IF (55)-j JI / k- - 3k

kk=1

Thus, the post decontamination residual number relative to the infinite smooth

plane exposure dose rate Lor other reference used in the calculation of I.(-)] is
j

RN = RN. .(dec) F(M ) (56)

13 1-3 J

Gr

R-N 3jF ikC ik(57)= i _ Fj k cjk
k--l

The value of the fraction of the fallout particles not removed from a

surface such zis a roof or paved street de-_ends on the amount of particles

per unit area, on the level of work applied in the removal, and on the

removal method. In most cases, work is applied incrementally in proportion

to the number of passes that are made over a given area. Although

fractional passes over the area are possible, the area muld norially be

divided so that the section designated by k was treated one or more times

by a given method; in addition, fractional passes could be made to clean

up spills and portions of a surface that were more difficult to clean than

the remainder of the area.
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